We present here a scanning tunnelling microscopy (STM) study on O 2 adsorption at Ag(110) at T = 175 K, i.e. in the temperature range between the onset of O 2 dissociation and the formation of the added row reconstruction. In agreement with previous studies at lower surface coverage, we observe several structures forming upon O 2 dissociation, including Ag-O complexes randomly distributed on the surface. We suggest that the presence of the latter structures, characterized by a large cross section for low energy electrons, can account for the marked decrease of the surface electron reflectivity and for the corresponding increase of the diffuse elastic intensity previously reported in a HREELS investigation of the same system.
Introduction
The O 2 /Ag(110) system has been thoroughly studied with a variety of experimental techniques and theoretical methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ; in particular, some of us investigated it by high resolution electron energy loss spectroscopy (HREELS) [12, 13] and supersonic molecular beams (SMBs) [14] [15] [16] . O 2 interaction with Ag(110) leads to different surface species, depending on exposure temperature. The scenario before the occurrence of dissociation has been described in detail. Two chemisorbed O 2 species have been identified: α-O 2 , formed upon annealing the physisorbed layer and oriented with the molecular axis parallel to the surface and along the [100] direction, and β-O 2 , oriented parallel to the surface in the [110] direction [17] . Only the latter species converts into O adatoms upon thermal dissociation, which takes place at a temperature T ≈ 140 K [17, 18] . α-O 2 could be dissociated only after rotating it by 90
• by manipulation with the STM tip [11] .
O 2 dissociation on Ag(110) may be induced either thermally [10, 14] or through electronic excitation, i.e. by 3 Author to whom any correspondence should be addressed. localized electron injection through the STM tip [11, 19] . In the latter case, oxygen atoms end up in two different sites, the fourfold hollow (O ffh ) and the short bridge (O sb ) [11] . O sb is quite mobile, inert with respect to CO oxidation and spontaneously recombines at 13 K within some hours [20] . Thermal dissociation leads to the formation of added rows along the 100 direction for T > 200 K. The formation mechanism of the superstructure has been clarified, demonstrating that the nucleation of the added rows starts from kink sites and that the necessary Ag adatoms are released by the steps [9] .
While there is an agreement on the model for the chemisorbed O 2 layer and for the added row reconstructed surface, the state of the O/Ag(110) system in the temperature range between 140 and 200 K is still unclear. High resolution electron energy loss spectroscopy (HREELS) revealed an abrupt reduction of the electron reflectivity at low primary electron energy and a simultaneous increase of the diffuse count rate [16] . Typical HREEL spectra, recorded in-specular upon O 2 exposure at 83 K and subsequent annealing of the crystal, are reported in figure 1 • from the normal while the sample is slowly heating up (taken from [16] with permission. Copyright by the American Physical Society, 1994).
(spectrum (b)) and is already complete at 147 K (spectrum (c)), as witnessed by the reduction and disappearance of the 80 meV loss and by the formation of a broad feature in the energy range 30-45 meV. It consists of at least two peaks and is ascribed to atomic oxygen moieties. No ordered superstructures are observed by low energy electron diffraction (LEED). The low electron reflectivity was thus ascribed to a local disordering of the surface, best revealed by the electrons of very low energy such as those used by HREELS. Above T = 200 K (spectrum d), i.e. in correspondence with the formation of the added rows, the in-specular elastic peak intensity recovers, the off-specular elastic intensity decreases and a sharp, intense Ag-O stretch vibration appears at 40 meV. The evolution of the O 2 /Ag(110) layer reported in figure 1 was correlated to a change in the work function of the surface [21] . The magnitude of these effects increases nonlinearly (see following discussion and figure 5) with O 2 exposure, becoming prominent when the initial O 2 coverage is large enough to produce a (4 × 1) added row reconstruction.
A subsequent STM investigation of the O/Ag(110) system in the temperature range between 150 and 200 K and in the low coverage limit showed the presence of several different species on the surface [10] . However, this study could not be correlated to the HREELS results due to the different coverage conditions. In the present paper we try to fill this gap. The surface topography of an O/Ag(110) layer produced at 175 K is investigated by STM and the different observed features are discussed and correlated with the previously described electron reflectivity drop, thus providing a nanoscopic explanation of the macroscopic effect.
Experimental details
Experiments were carried out in an ultrahigh vacuum (UHV) apparatus consisting of a main chamber, hosting a commercial low temperature STM (LT-STM, supplied by Createc), and a preparation chamber. The latter is equipped with valves for gas inlet, a quadrupole mass spectrometer (QMS), an ion gun, and all other typical vacuum facilities. The sample holder is mounted on a four degrees of freedom, He-coolable manipulator, and can be transferred from the manipulator into the STM. The sample can be resistively heated to T = 800 K and cooled down to 7 K (90 K) by liquid He (liquid N 2 ) flux. Before each experiment, the Ag(110) surface is prepared by sputtering followed by annealing to 740 K. High purity O 2 is then dosed by backfilling the chamber, while keeping the crystal at the desired temperature. After the exposure the sample is cooled down below 120 K before being transferred into the STM. The LT-STM is kept at 5 K by thermal contact with a liquid He cryostat and is completely shielded from radiation by a double screen (inner part at liquid He, outer one at liquid N 2 temperature). Under such conditions, the sample can survive unaltered and uncontaminated for several days after preparation, allowing for an extensive investigation. The STM tip is produced in air by a grazing cut of a 0.2 mm diameter Pt-Ir wire under strain. While measuring, the tip apex is reshaped by controlled crashes into the Ag sample, so that tunnelling occurs effectively through a silver tip. The piezoconstants are calibrated on the basis of the Ag lattice parameter from atomically resolved images of the clean surface like the one reported in the inset of figure 2(b). Images are acquired in constant current mode, using typical currents between 0.1 and 2.0 nA and bias voltages between −1.20 and 1.20 V applied to the sample. Figure 2 shows LT-STM images recorded after exposing the Ag(110) sample at T = 175 K to 90 L (Langmuir) of O 2 , corresponding to an estimated atomic coverage between 0.06 ML and of 0.1 ML (in monolayers of Ag(110), 1 ML = 0.84 × 10 15 atoms cm −2 ) [13, 19] . In the sequence, scans of the same area are recorded, respectively, at bias voltage V = 0.07 V (a), 0.70 V (b), and again 0.07 V (c). Since images are acquired at T = 5 K, i.e. under conditions in which thermal diffusion is inhibited, the comparison between panels (a) and (c) underlines the effect of bias voltage on the surface and thus helps in the characterization of the adsorbates.
Results and discussion
As apparent from panel (a), several different features can be resolved on the surface:
(1) black dots; (2) sombrero-like structures, isolated or forming short rows of up to four units with random orientation with respect to the substrate; (3) compact rhomboid structures ('rhombuses' in the following) with the long axis in the 110 direction; (4) dark stripes aligned along 110 . When scanning with V = 0.70 V, panel (b), the surface appears fuzzy; only the black dots are clearly visible, while rhombuses present a reduced contrast and sombreros and black stripes have completely disappeared. The absence of the sombreros is not real since they are imaged again in panel (c) using a low bias voltage. The fuzziness is thus due to the interaction of the tip with the adsorbates, which are displaced by it. We remark that: (a) no tip-surface interaction is observed after repeated scans of the same area at |V | < 0.10 V, while the effect becomes significant for |V | > 0.25 V and shows no dependence on polarity; (b) the tip-surface distance is increased by only 1Å when passing from V = 0.07 V (figures 2(a) and (c)) to V = 0.70 V ( figure 2(b) ). Therefore we can ascribe the tip-surface interaction to the increased electric field under the tip.
Upon scanning with V = 0.7 V, changes on the surface are evident. Comparing panels (a) and (c), we can see that the dark stripes have disappeared (white arrows) and that some of the sombrero-like dots have been displaced (black arrows). The disappearance of the dark stripes is consistent with their assignment to OH contamination since it is known that these radicals organize in (1 × n) rows and are dissociated by the STM tip above 0.45 V [22] . Some OH contamination was unfortunately unavoidable for long exposures at low T . The sombrero-like features are easy to displace and must therefore be weakly bound to the Ag substrate. Black dots and rhombuses are, on the contrary, more strongly bound. This behaviour is confirmed by low coverage experiments in which controlled lateral manipulation on the different structures was performed. As shown in figure 3 , a controlled movement of the tip across a sombrero-like dot causes its displacement, although not always in the same direction as the tip path. On the contrary, the same manipulation performed on rhombuses or black dots does not cause appreciable effects.
For a better characterization of these features we investigated the O/Ag(110) surface produced at 175 K in the low coverage limit, i.e. exposing the Ag(110) sample to 18 L of O 2 , corresponding roughly to an atomic oxygen coverage of 0.02 ML. The outcome is reported in figure 4(a) . As evident, most of the surface is still clean, but all the features mentioned previously are present, except OH contamination. In addition, an oxygen adatom pair is also observed (bottom- left corner). Panel (b) shows an enlarged image of a rhombus and of a sombrero-like unit. For the former an internal structure made of a darker centre and four side lobes oriented parallel to the high symmetry directions (with the longer axis and two hillocks along 110 ) is evident. All structures appear as depressions, indicating that the local electron density of states (DOS) is lower than for the surrounding bare Ag surface. This is also confirmed by the height profiles reported in panel (c) for a rhombus, a sombrero, and a black dot. Moreover, line scans show a significant spatial modulation of the DOS. The sombrero presents a local maximum with a full width at half maximum of roughly 3Å and two lateral minima separated by 6.1Å, while the rhombus has two local maxima 8.0Å apart in the 110 direction. The black hole, on the contrary, appears as approximately 0.7Å deep and 9Å large depressions.
A characterization as a function of bias voltage was possible only for those structures stable at |V | > 0.25 V, i.e. for the rhombuses and for the black holes. As evident from the comparison of the STM images reported in figures 5(A) and (B) and from the height profiles of figure 5(C) , indeed, the former structure changes contrast when passing from V = −0.70 to +0.70 V, while the latter increases its apparent depth. This indicates that in both cases the local density of states is modulated, as expected for adsorbate-related features, and confirms the presence of O atoms in different configurations.
The above described structures have already been reported by Zambelli et al [10] for a coverage similar to the one of figure 4. Their experiment is similar but not identical to ours, since O 2 was dosed at 110 K and the crystal was subsequently annealed to 175 K. Another difference is that all data presented in [10] were recorded for large bias voltages (|V | 0.8 V) and smaller tunnelling currents (I ≈ 0.3 nA against 1 nA in the present experiment). This implies that their tip is further away from the surface than in our experiment.
At variance with our result, Zambelli et al [10] observe many more oxygen adatom pairs than we do. They see, moreover, the sombrero-like structures but do not discuss them in their papers. Interestingly this feature is imaged also at 0.8 V, most probably because of the larger tip-surface distance. Sombrero-like structures were reported also by Hahn and Ho [18] and assigned to oxygen adatoms. Our observation that they can be easy displaced by the STM tip indicates that they are due to relatively weakly bound oxygen adatoms.
The black dots are assigned, on the contrary, to a strongly bound atomic oxygen species [10] , possibly in a subsurface location. The authors of [10] show that they are produced also when the oxygen adatom pairs are removed by CO oxidation. Assignment of these structures to impurities is excluded since they disappear upon heating to 200 K when the added O-Ag row reconstruction sets in. In particular, the main pollutant reported for Ag, carbonate, is excluded since these radicals appear in STM as protruding structures and are stable up to 350 K [23] .
Finally, the rhombuses are identified with some arrangements of O and Ag adatoms [10] . We believe that this assignment is the most probable since: (a) the alternative possibility that rhombuses simply consists of a pair of O adatoms aligned in the [110] direction is ruled out from comparison with STM images reported in [11] ; (b) isolated Ag atoms are highly mobile on the Ag(110) surface at this temperature. The most obvious sources of Ag adatoms are the steps [9, 24] but it is well known that, under particular conditions, oxygen can extract Ag atoms from extended terraces with the consequent formation of large pits [24, 25] . The rhombus formation mechanism must be very different from that of the added rows and may involve either Ag adatoms or the creation of Ag vacancies at (110) terraces. For a more detailed assignment, a theoretical investigation of the possible conformations and the simulation of the STM images would be necessary.
A rapid comparison of the images in figures 4(a) and 2(a) shows that the surface disorder is significantly increased when passing from the 18 L O 2 exposure to the 90 L one. Indeed, after the long exposure the surface presents a non-negligible • from the surface normal. (Taken with permission from [16] . Copyright by the American Physical Society (1994).) concentration of randomly distributed scattering centres. We propose that they are responsible for the observed increase of the off-specular elastic intensity and for the correlated drop of the in-specular elastic intensity observed by HREELS at low electron energies.
To better clarify this connection, in figure 6 (figure 4 of [16] ) we show the dependence of the HREELS elastic reflectivity on the intensity of the O-O stretch mode (i.e. on the initial O 2 coverage). The maximum of such intensity roughly corresponds to the O 2 saturation coverage, O 2 = 0.25 ML. It is evident that the drop is initially quite marked. The reflectivity reduces to ∼20% of its original value for an O-O stretch intensity versus a specular intensity ratio I 80 /I 0 > 0.002, corresponding to an atomic oxygen coverage between 0.05 and 0.1 ML depending on O 2 desorption yield. The effect must be due to an increase of the density of scattering centres, which saturates above a critical surface coverage.
We notice that: (a) annealing of an O 2 adlayer on Ag(110) leads both to thermal dissociation and to desorption; thus the density of O adatoms after dissociation is necessarily less than twice the number of O 2 admolecules in the original adlayer. If we identified the scattering centres with disordered O 2 molecules at T < 140 K and with disordered O adatoms at 140 K < T < 200 K, we would not be able to justify the large drop in reflectivity with an at most doubling of the scattering centre concentration. (b) If isolated O adatoms caused the observed drop in electron reflectivity, this should be a general effect, present on a variety of systems. To the best of our knowledge, this is not the case. Therefore we suggest that a deeper disordering of the surface, involving more complicated aggregates of O and Ag atoms and migration of Ag-O complexes, sets in at T ≈ 140 K and we identify the additional scattering centres with the black dots and the rhombuses.
We notice further that both the STM images of figure 4 and the study by Zambelli et al [10] represent the low coverage limit with respect to the HREELS experiments of figures 1 and 6. Experiments of [10] start from an O 2 pre-coverage of 0.02 ML, while in our case an O-adatom coverage of ∼0.02 ML and ≈0.06 ML can be estimated for the 18 L and 90 L preparations, respectively, from statistical analysis of STM images. This explains why no relationship between topography of the O-covered surface and the drop of surface reflectivity could be found in [9, 10] : the reduction of the latter would have been less than 50% under the investigated coverage conditions. Our experiment at higher O coverage corresponds, on the contrary, to an already significant drop of reflectivity and thus establishes a link between the disordered surface geometry (with particular attention to the density of Ag-O complexes acting as scattering centres) and the HREELS data. Finally, we observe that the recovery of the reflectivity above 200 K correlates quite well with the formation of the added rows and with the consequent disappearance of rhombuses, sombreros, and of black dots, i.e. of the scattering centres randomly distributed on the surface.
In conclusion, we have shown that at the interplay between dissociation of O 2 admolecules and the organization of the O adatoms into the added row reconstruction the surface presents a variety of structures, some of which have already been discussed in the literature. We suggest that two of them, namely the rhombuses and the black dots, involve Ag atoms and are responsible for the yet unexplained drop in the electron reflectivity at low energy.
